Integrated Multi-Trophic Aquaculture (IMTA) refers to the integrated farming of several species from different trophic levels in close proximity. In IMTA, one species is intended to complement another.
Introduction
Integrated Multi-Trophic Aquaculture (IMTA) refers to the associated culture of several species from different trophic levels. IMTA allows uneaten feed and by-product particulate wastes and dissolved nutrients to be recaptured by extractive co-cultivars and converted into energy, feed, or fertilizer (Casalduero, 1999; Neori et al., 2000; Troell et al., 2003; Zhang et al., 2009; Chopin, 2012) . For instance, farmers can combine fed-species, like salmon, with seaweeds, suspension feeders, such as scallops and mussels, and/or organic deposit-feeders, such as sea cucumbers, to increase production efficiency and decrease waste.
IMTA has been widely acknowledged to hold a great promise for aquaculture sustainability as it can potentially drive ecological efficiency, environmental acceptability, product-diversity, profitability and social benefits (OECD, 2010; Schmidt et al., 2011; Chopin, 2012) . The concept has long been in use, and commercially successful in Asia, particularly in China, Japan and South Korea, with the integrated cultivation of fish from different trophic levels, and/or the use of shellfish and seaweed in lagoons or bays next to fish net pens (Neori et al., 2004; Sorgeloos et al., 2011) . Through trial and error, these countries achieved a sequential development of IMTA over the years (Wartenberg et al., 2017) ; although information is rarely published and the reasons for success might not be understood, even among the farmers' involved (Neori et al., 2004) . Western countries, including Europe, have been latecomers to the IMTA concept, and it was not until recently that their interest in IMTA has emerged (Barrington et al., 2009; Chopin et al., 2012) . It has been at least 40 years since the potential of IMTA was first discussed in the scientific literature (Ryther et al., 1972; 1975 ) and yet there has been very little uptake of this technology by the European industry (Lane et al., 2014) . Barrington et al. (2009) ascribed this slow progress to a lack of compelling political, social and economic reasoning and lack of motivation towards sustainability, long-term profitability and responsible management of coastal waters. In order to better understand its limited implementation in Europe, it is also important to move beyond the use of IMTA as a purely conceptual framework (Hughes and Black, 2016) . It is clear that there might be several factors that do not favour the
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A C C E P T E D M A N U S C R I P T 4 current commercialisation of IMTA in European marine-based aquaculture. These include the lack of direct financial benefits for the farmer, and the need for more efficient integrated farming systems to reduce complexity and allow processing of all crops, as well as better support from policy and regulatory bodies to enable and incentivise the adoption of IMTA (Hughes and Black, 2016; Alexander and Hughes, 2017) .
Published literature can provide significant information about the current state of IMTA in Europe, but this information may be biased by the fact that journals tend to publish research demonstrating positive outcomes (Lee et al., 2013) . Report bias might also depend on the funding source and evaluation processes of an experiment, as reported for other industries (Als-Nielsen, 2003) . These factors can often lead to an exaggerated effect in later meta-analyses (Ioannidis, 2005; Lee et al., 2013) . For example, a recent meta-analysis of IMTA peer-reviewed data concluded that around 80% of studies on macroalgae and 50% on bivalves -cultivated in the vicinity of open-water fish farmsdemonstrated strong evidence for increased growth relative to controls. According to the authors these figures may be highly overestimated (Kerrigan and Suckling, 2016) .
Contacting the authors of publications directly has been effective in identifying important omissions from reported outcomes and avoiding exaggerations (Chan and Altman, 2005) . In order to elucidate potential factors and barriers which currently impede widespread adoption of IMTA, we have interviewed farmers and scientists with substantial experience of IMTA practices in various parts of Europe.
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Survey
An internet search identified a total of 80 farmers and scientists from 13 European or EU-Associated countries (i.e. participating in Horizon 2020 Research and Innovation programme under the same conditions as EU Member States) (hereafter referred to as European) with IMTA involvement. From this initial sample that was contacted, 6 were later excluded due to inadequate experience or relevance over recent years and 3 declined to participate due to conflict of interest. The interviewees were contacted by email followed by a telephone call, and a qualitative survey was undertaken using a structured questionnaire with open-ended questions designed to extract broader information. The questionnaire is reproduced in the Appendix.
The survey consisted of three sections. The first part aimed to collect personal information about the respondent and the location(s) of their IMTA practices. The second part consisted of questions regarding the IMTA application, such as the species cultivated, reasons for IMTA application, bottlenecks faced and support received (e.g. financial aid and incentives). The third part evaluated the perceptions of farmers / scientists on the IMTA level of development at their experimental site and country, its future potential, the challenges to overcome in their region / country, and IMTA species of future potential. Interviewees were asked to order their issues/challenges/opportunities in a priority sequence (i.e. most important first and least important last). However, it is important to note that the questionnaire was asking only for the major issues/challenges/opportunities to be mentioned, and therefore all answers should be considered as important; even if seldom reported.
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Countries aggregation
In order to allow comparison between regions and different areas of Europe, the countries were separated and also analysed as region and sub-region aggregations. Specifically, countries were aggregated into two regions (i.e. Northern Europe and Southern Europe) and five sub-regions: North Europe (N), North-West Europe (N-W), South Europe (S), South-East Europe (S-E) and South-West Europe (S-W) ( Table 1) . To our knowledge, no major marine IMTA application has been carried out in North-East Europe so far, and so this region was excluded from the analysis.
Responses' categorization
The responses raised several issues that were very similar or interrelated. For instance, some respondents mentioned environmental conditions as a major obstacle faced during their IMTA application while other mentioned weather/storm. To avoid complexity and enable interpretation of the answers, all issues (i.e. bottlenecks, obstacles, challenges) were categorised into broader subjects. For example, issues such as lack of available seed and lack of general knowledge regarding the IMTA species were placed into the broader category of "Biological" while issues such as weather / storms and general environmental conditions were placed into the broader category of "Environmental".
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Survey responses
A total of 34 people from 12 countries participated in the survey (43% of the people initially contacted). Most of the responses were obtained from the United Kingdom (UK) (n=6) followed by Spain (n=5). The two regions were equally covered with 16 and 18 respondents from Northern Europe and Southern Europe respectively. The S-W and N-W sub-regions were the most covered with 10 and 9 respondents respectively, followed by 7 from N, 4 from S and 4 from S-E (Table 1) . 
Species cultivated in IMTA systems
The experience of respondents in IMTA involved a large variety of exogenously fed species (Table 2) and a broad range of inorganic extractive species, organic suspension feeders, and organic deposit feeders cultivated using various techniques either in land-based or marine-based systems ( Table 3 ).
Of the "extractive" species, only the brown algae Alaria esculenta appears to have been attempted in a particular region (Northern Europe), and together with Saccharina latissima, Mytilus edulis and Aequipecten opercularis they constitute the only IMTA species cultured at a commercial level. 3, 20, 30, 31, 34, 35, 49, 52, 55, 73, 74, 78, 80 Diplodus puntazzo Spain Sea-based 34 3, 30, 31, 34, 37, 49, 52, 55, 69, 73, 74, 80 A C C E P T E D M A N U S C R I P T 1, 13, 14, 16, 20, 28, 37, 56, 57, 64, 65 Green algae 
Major drivers of IMTA application
The major drivers of the IMTA projects based on the survey responses were mitigation / nitrogen removal (n=19), research for species suitability (n=17), enhanced production (n=16), general R&D of sustainable mariculture (n=8), examination of IMTA suitability (n=6), diversification (n=3), public image improvement (n=1), and legislation; particularly to allow to increase production in Danish waters (n=1) (Fig. 1 ). The drivers varied among individuals within the same country, with an exception for species suitability research which was reported as the primary reason by all the Italian respondents (n=3) and mitigation, which was reported as the primary or secondary reason by all the Norwegian respondents (n=3). 
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Financial / support of IMTA application
For the implementation of the IMTA experiments and practices, 19 respondents (55%) received financial support from at least one funding scheme / instrument of the EU (e.g. The Seventh
Framework Programme -FP7), 16 (47%) of respondents received aid from at least one National scheme / instrument (e.g. Spanish National Plans for Aquaculture -JACUMAR) and 4 (11%) received aid from at least one Regional scheme / instrument (e.g. INTERREG IIIC programme). It is noteworthy that all respondents from Denmark (n=3), Norway (n=3) and Spain (n=5) received national financial support for IMTA on at least one occasion, indicating support for IMTA implementation by the governments of these countries.
Respondents were also asked if they received other incentives to develop IMTA, such as sustainability certificates, and all the answers were negative.
Major bottlenecks / obstacles faced during IMTA
During the implementation of IMTA, several major bottlenecks / obstacles were faced by the respondents and these are displayed in Table 4 . For each bottleneck / obstacle category, the proportion (r/r = number of records / number of respondents) of each type of system (i.e. landbased vs sea-based) was found. Since one respondent could report more than one bottleneck / 
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12 obstacle from the same category, the proportion could exceed the value of 1. Biological issues were the most reported, followed by operational and market issues for both respondents that worked with land-based and sea-based systems (Fig. 2 ). Legislation and environmental bottlenecks / obstacles faced during IMTA application were more commonly recorded by farmers / researchers that worked with sea-based compared to land-based systems, while issues of interest, conflict, vandalism were mentioned only from the respondents that worked with sea-based systems (Table   4 ). On the other hand, R&D issues were mentioned more often by respondents that worked with land-based systems.
Although different bottlenecks / obstacles were raised by individuals of the same country, key findings included the fact that three out of the four records of multi-operation complexity came from respondents of the UK, while four out of the six UK respondents raised market issues. Market issues were also raised by two out of three respondents from Denmark and Portugal. In addition, two out of three respondents from Portugal raised issues of sustainable production over long periods. . It is noteworthy that all 5 records of lack of seed as a major obstacle come from the Mediterranean Sea and particularly 3 out of 5 come from the three respondents that worked with sea-based systems in the S-E Europe (2/2 from Cyprus, 1/2 from Israel). Environmental bottlenecks / obstacles were reported by the respondents of all sub-regions apart from N. Market issues were reported by the respondents of all sub-regions but they were more commonly recorded in the N, N-W and S-W Europe (for both land-based and sea-based systems). Public acceptance was reported only as an obstacle in the sub-region of N Europe. Operational issues were raised by the respondents of all sub-regions but comparatively more often by the respondents that worked with land-based IMTA in S Europe. Finally, legislation issues were recorded more often by the respondents that worked in sea-based systems in the S and SW Europe sub-region. 
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IMTA potential in Europe
Despite the several bottlenecks / obstacles faced, the majority of respondents believed that there is a high potential for IMTA in Europe. This was supported by 26 individuals (76%) compared to 7 who believed that there is no potential (21%), and 1 being neutral (3%). All the negative answers came from different countries with an exception of two that came from Danish respondents. For the sea-based systems, the highest average record was obtained from the UK, while the lowest average record was obtained from the eastern Mediterranean countries (i.e. Cyprus and Israel) ( Fig.   4 ). Israel, followed by UK and Portugal, obtained the highest average record for the land-based systems.
Differences were observed in the records of farmers / scientists from the same country (e.g. Norway and Denmark) ( Fig. 4 ) which indicates possible differences in IMTA development even between IMTA systems of the same country and depending on site and species cultured. Using the same scale (1-5), respondents were asked how well developed is IMTA in Europe compared to other regions. The average value reported was 2.12, with a maximum of 3.
Major challenges to overcome
Respondents identified several challenges that need to be overcome for IMTA to be widely adopted in their country / region; these showed some correlation with the obstacles faced during their IMTA application. The most-often reported challenges were related to economic and legislation issues (see Table 5 ; Fig. 5 ).
Three respondents reported that IMTA (at sea) is not possible in their region (Respondents 13 -Norway, 52 -Spain, and 67 -UK). For example, Respondent 52 (Spain) mentioned that "all farms in the western Mediterranean are offshore and under these conditions dilution and dispersion of wastes does not allow their exploitation". Challenges to overcome for IMTA to be widely adopted in the respondent's country. 5 . Categories of challenges to overcome for IMTA to be widely adopted in the respondent's country.
The challenges that need to be surpassed in order for IMTA to be widely adopted have also been separated per sub-region and proportion. As with obstacles faced during sea-based IMTA operations, records of biological issues were the most prevalent in S-E Europe. In addition, lack of interest from the industry, government and funders / investors was more common in S and S-E Europe. The proportion of economic challenges was higher in the N and S-W Europe, and together with legislation, they were the only categories that were raised from the respondents of all five subregions ( Fig.6 ). Respondents were asked to mention the most promising species in their region for future IMTA based on their own perspective. The species identified for each country, sub-region and the reasons for selection are displayed in Table 6 . Oysters n/a n/a 33 Sea urchins n/a n/a 55 n/a -not applicable -information not provided by respondents
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Survey overview
This study aimed to gather information from people with known contribution in European IMTA research. The number of these people in Europe is limited. For the purposes of this survey (i.e. identify major impediments of European IMTA), the aim was to receive feedback only from those people with substantial experience and practical understanding on IMTA; thus increasing the reliability and validity of the responses. It is noteworthy that 32/34 of the respondents had at least one year of active involvement in the IMTA R&D. The respondents' list included pioneers with major contribution to the development of the European IMTA so far; such as people with leading roles/coordinators of important IMTA projects (e.g. IDREEM, GENESIS, SEABIOPLAS, IMTA-Effect etc.).
Although European IMTA is still in its infancy, it is believed to offer a great potential for the sustainability of the aquaculture industry (Granada et al., 2015) and this belief appears to be shared by the majority of our survey respondents. Respondents also mentioned several species that could be promising for IMTA in their region due to reasons such as high potential market value, high growth and survival observed in experimental studies, plentiful wild supply/available seed, expertise availability, and high mitigation capacity.
Nevertheless, IMTA uptake currently faces inherent bottlenecks which need to be tackled. Respondent and 69) raised issues of economic feasibility, legislation and governmental support. Respondent 2
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A N U S C R I P T 23 mentioned: "Even though I think IMTA is the appropriate thing to do, I am not sure that the industry will ever be interested on it unless it becomes mandatory. And we are very far from that possibility."
A large array of IMTA challenges / obstacle issues were mentioned which were categorised into a total of 9 broader subjects; namely i) Biological, ii) Environmental, iii) Interest, iv) Legislation, v) Market, vi)
Operational, vii) R&D, viii) Conflicts, and ix) Vandalism. The issues varied among countries and subregions of Europe. For instance, market limitations were more prevalent in the N, N-W and S-W subregions, perhaps reflecting the prevailing yet infant seaweed industry or the generally more advanced level of IMTA in Northern and Western Europe. This is supported by the fact that commercial production IMTA extractive species was reported only in the aforementioned sub-regions.
On the contrary, S and S-E sub-regions still face basic production challenges (e.g. lack of available seed or unfavourable environmental conditions for potential IMTA species) which currently do not allow empirical IMTA market exploitation. Thus, market limitations could become an issue at a later time when successful control over the production processes is achieved. With the exception of Italy and a landbased closed system (Israel), all the respondents from the S and SE sub-regions (Cyprus, Greece, and Israel) reported the lowest level of development (1 out of 5) for their IMTA facilities compared to other regions. Moreover, respondents from S Europe, and mainly Italy, were found to be more concerned about the legislation bottlenecks that currently exist and particularly the lengthy and difficult procedures necessary to acquire permits for IMTA application.
The different levels of IMTA development recorded among the farmers / scientists from different sites and the different levels of impediments identified, imply that Europe should differentiate its IMTA strategies among different countries and regions based on the characteristics of each site.
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Control over the production processes
A key driver for the expansion of aquaculture production is the ability to have control over the production processes since this allows the application of systematic research and development leading to innovations (Kumar and Engle, 2016; Asche, 2017) . The responses raised several production issues that need to be overcome for IMTA to be implemented at a larger scale in Europe. These included issues such as lack of available species, inadequate infrastructure, configuration design and technology, and insufficient knowledge on species production and rearing processes Lack of available seed was reported as a major obstacle from the respondents of the Mediterranean Sea, especially in the SE sub-region. This was also identified by the project REPROSEED (European FP7 programme), which in 2012 found that shellfish hatcheries existed only in nine European countries, all of which are located in North and Western Europe. Lack of available seed of promising local species can obscure the potential of IMTA in some areas, especially in the oligotrophic waters of the Mediterranean where it is inevitably challenging.
Operational issues adverted to the need for higher technology and better infrastructures were raised by many respondents of different regions. Specifically, the needs for development of more mechanised systems of production, which are less labour intensive, and viable systems for benthic IMTA species, which will ameliorate the seabed impacts of the fin-fish cultivation were emphasised. A respondent from Cyprus (RC 31) elaborated to the experiments with abalone (H. tuberculata) and sea urchins (P. lividus) that were growing in Ortac Oyster baskets and highlighted that biofouling maintenance and supplementary diet provision were very labour-demanding which questioned the sustainability of their system. Many other respondents raised issues of predation by turtles and marine mammals, or unfavourable weather conditions that lead to disaster indicating the need for a better system design that will eliminate the loses due to ecosystem interactions.
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A respondent from UK (RC 67) mentioned that the IMTA development relies on deposit feeding organisms since "dilution of relevant by-products (in the sea) means no growth enhancement apart from direct bottom coupling". Currently there are no suitable systems for deposit feeders. For example, a recent study (Tolon et al., 2017) demonstrated that sea cucumbers (H. tubulosa) can successfully grow below finfish cages (D. labrax and S. aurata) and provide an additional income for the farmers. However, the authors mentioned that harvesting of the specimens in open net farms (as the system they used), requires excessive labour via scuba diving and handpicking of sea cucumbers at such depths, crops are subject to predators attacks, while they can also escape by climbing up or crumbling under the net walls.
Nonetheless, Robinson et al., (2011) suggested that two dimensional bottom structures for co-cultured species are unlikely to be sufficient and three dimensional structures are necessary to provide additional space, improve food availability from settling particulate material and to increase available biomass.
Thus, for IMTA to be efficient and successful, robust systems that can resist extreme weather conditions, allow easy maintenance, harvesting, provision of supplemented diets (if required), protection from predators, and utilization of three dimensional space should be developed.
In addition, several biological issues and concerns were raised by the respondents which should be improved in order for IMTA to become sustainable. Many responses indicate the need for R&D at a species individual level, in order to better understand their biology, nutrient uptakes, life cycles, and disease resistance and vulnerability. Overall, uncertainties about IMTA production exist among some farmers / scientists which are limiting IMTA adoption at larger scales. Respondent 37 commented that "there is generally insufficient understanding of viable IMTA concepts in most people's mind-set (very few researchers & farmers have sufficient knowledge on how hydrodynamic conditions influence 'coupling / uncoupling' of trophic groups; and knowledge on basic requirements of seaweed / mussels".
In line with issues raised in the literature Handå et al., 2013; Skjermo et al., 2014; respondents also highlighted biological challenges that obscure the sustainability of
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T
26 IMTA such as the need for expansion into a broader range of extractive species, development of mass hatchery productions, and optimization of IMTA extractive crop production throughout the year.
IMTA complexity and the need for a cross-industry contact
Despite the production issues that have been discussed, the fact that there is adequate knowledge to allow monoculture production of some "extractive" species in Europe, especially of bivalves, indicates that IMTA is also impeded by factors beyond availability of species, and sufficient available knowledge on species production / rearing and design processes. It is interesting that such factors (e.g. lack of species knowledge, expertise, and technology) were some of the most common issues raised by the farmers / scientists highlighting the additional layers of complexity of IMTA incorporation into the core business of a fish farm and the difficulty in meeting these new requirements. Many of the respondents mentioned issues of multi-operation complexity, or even that aquaculture farms cannot meet the labour requirements to successfully implement IMTA at a commercial scale or do not have adequate facilities or technologies for harvesting low-value products such as mussels and seaweeds. Similar limitations were observed in recent interviews conducted among seven SME partners of the IDREEM project (funded under the European FP7) in which experimental IMTA was implemented across six European countries (Cyprus, Ireland, Italy, Israel, Norway, and UK) (Alexander and Hughes, 2017) . Limitations, such as the lack of processing and packing infrastructure within the company, and the lack of drying facilities for those who were dealing with algae production, were reported as major issues in IMTA experiments (Alexander and Hughes, 2017) .
Drying of algae is considered to be one of the main bottlenecks in algae culture, and is used to decrease water content that retards microbial growth, and helps to conserve quality and reduce storage volume (Aziz et al., 2013; Alexander and Hughes, 2017) . In other locations, post-harvest treatments such as seawater storage (Paull and Chen, 2008) , cold storage (Liot et al., 1993) silage (Herrmann et al., 2015) and freezing (Choi et al., 2012) have been tried with satisfactory results, but such practices need to be
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A C C E P T E D M A N U S C R I P T 27 further investigated. Respondent 2 from this study mentioned that "harvesting seaweeds at a regular base was difficult as the boat with a crane was used very frequently for salmon farming purposes". In order for the IMTA system to be efficient, it is important that it does not interfere with the production of other species in the system and that it is able to act independently. Therefore, the idea that boat equipment is already present on fish farms, thus lowering the IMTA start-up costs (Kerrigan and Suckling, 2016) might not always be true, at least for the species that require harvesting boats and mechanical tools, such as L. digitata, L. hyperborea and S. latissima. This is also the case for other equipment, such as moorings, buoys, rope lines, and baskets, which might have to be added, especially in cases where the extractive species need to be placed at some distance from the fish farm facilities.
All types of aquaculture (e.g. finfish, shellfish and seaweeds) are highly technical and skilled professions, and it is very challenging for small companies to encompass skills for all species (Alexander and Hughes, 2017) . Buying expertise from another industry could be an option for larger enterprises, but for smaller or family operations such an approach might not be feasible. If knowledge for all species is not adequate, then IMTA applications will lead to learning by trial-and-error, similar to the approach followed in Asia, Canada and most experiments in the IDREEM project (Neori et al., 2004; Reid et al., 2011; Alexander and Hughes, 2017) . However, such a learning approach can be very slow and site-specific. Some respondents from the survey mentioned that there should be a cross-industry contact between finfish and invertebrates cultivation (RCs 30 and 56). A similar strategy has been initiated in Canada with the development of a strategic network in 2010, named the Canadian Integrated Multi-Trophic Aquaculture Network (CIMTAN), which aims to provide interdisciplinary research and development and highly qualified personnel training to more than 100 individuals in the areas of (1) ecological design, ecosystem interactions, and biomitigative efficiency; (2) system innovation and engineering; (3) economic viability and societal acceptance; and (4) regulatory science (Chopin et al., 2013) . A network like this could also be promoted in Europe, in order to encourage the collaboration of farmers, scientists and stakeholders
A C C E P T E D M A N U S C R I P T 28 from multi-disciplinary backgrounds, to share and develop knowledge effectively, while at the same time acquire assistance when needed.
Economic feasibility
Limitations in IMTA practicality and system design, together with high labour requirements, can lead to decreased profitability (Yu et al., 2017) . This is more the case for highly advanced industries, such as in Europe, where production is achieved with less human labour and thus less flexibility to deal with complexity (Hughes and Black, 2016) . Moreover, in many European countries it is also very difficult to make a business case for lower value species production due to the high labour costs (Ferreira and Bricker, 2016) . Europe still lacks a comprehensive economic analysis of IMTA based on empirical evidence and there is a need for a greater body of evidence on the financial benefits involved to make valid business plans that ensure IMTA profitability and compel individual farmers to adopt them.
Indeed, uncertainty about its profitability coupled with the lack of niche markets and supply chains were some of the most common IMTA challenges reported in this survey. Profitability is not only diminished by the high requirements in terms of labour and infrastructure of the system, but also by the lack of profitable species. In contrast to Asia, Europe produces only a limited number of extractive species and with less relative value compared to fin-fish value thus making the application of IMTA business case less attractive (FAO, 2012; Hughes and Black, 2016) .
In addition, there is currently a lack of available markets for some promising extractive species. For example, seaweed and sea cucumber consumption is marginal in the European countries, while some species, such as sea cucumbers native to the Mediterranean, are not considered prime products for the Asian market which drives the global sea cucumber sales (Sicuro and Levine, 2011; Stévant et al., 2017) .
It is important for Europe to develop such niche food markets based on consumer insights, given that reliability and normalisation of production processes, as well as regulatory health safety frameworks Production of some extractive species, such as seaweeds, faces heavy competition from Asian countries, although the latter was often criticized for its adverse environmental impacts (Van den Burg et al., 2013; Groenendijk et al., 2016) . IMTA also faces competition with wild production and the production by European monoculture systems. For example, Respondent 74 from Italy reported that "one of the major obstacles faced was the difficulty to produce a competitive product: oysters grew to a commercial size, although their weight was slightly lower than those produced in monoculture near France and there is a need for a strong marketing strategy to create a niche market for the product". This highlights the general belief that IMTA products should be differentiated through traceability and ecolabelling / sustainability certificates that will provide an advantage to products derived from IMTA configurations Chopin, 2015) , similar to the case of the niche market created for organic food items. Respondent 3 mentioned that "without a polluter-pay policy it will be hard to justify the inherent cost with IMTA".
There are a number of other areas which can contribute to economic feasibility, but improvements are still needed. These include: i) an integrated, sequential biorefinery approach, focusing on more sophisticated bio-based high valued products and complete utilization of biomass with lower-value commodities, such as bioenergy compounds (Mazarrasa et al.,2014; Sarkar et al., 2017; Tabassum et al., 2017) , (ii) selective breeding of crops to improve yields, general performance and quality, and increased environmental tolerance, to enable extension of the growth season and mariculture expansion of profitable species into new coastal regions (Ask and Azanza, 2002; Zhang et al., 2007; Stévant et al., 2017) , and (iii) use of exotic profitable species under strict controlled conditions, ensuring that genetic swamping and biological pollution is avoided.
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T 30
Legislation
Although production and market development are important for the successful uptake of IMTA technology, the regulatory system is equally important, and often receives less attention (Asche, 2017; Osmundsen et al., 2017) . Issues related to the regulatory system and legislation were among the mostcommon IMTA challenges identified by the survey. The survey responses confirm some of the legislation barriers that have been discussed in-depth in the literature (Alexander et al., 2015; Freitas et al., 2016) , and particularly the lack of licencing arrangements and dedicated aquaculture policy for IMTA, the exhausting bureaucracy that exists, with lengthy procedures for licencing the co-cultivation of multiple species in close proximity. For example, Respondent 73 (Italy) mentions that "laws and bureaucrats are very confusing on the necessary steps to take and at least one year was required to start the accreditation process for the seawater classification, necessary to sell filter feeders". Legislation which is too tight can prevent an industry from being competitive and economically sustainable (Abate et al., 2016) and in the case of IMTA, governments in Europe need to proceed to substantial regulatory reforms, especially on aspects relating to the transfer of disease, fish health, and food safety in order to foster and allow commercial expansion of IMTA (Alexander et al., 2015) .
Financial support, public perception and interest from the industry
Other important obstacles to the wider adoption of IMTA identified by the survey were the lack of awareness, interest and investment by the aquaculture industry, lack of external financial support and a negative public perception on aquaculture.
Lack of financial support exists despite the fact that the majority of the respondents received funding for IMTA projects, while lack of interest and investment from the industry comes as no surprise, especially for small enterprises, given the high risk and complexity of IMTA. The lack of financial, governmental and industry support was reported as a major challenge to be overcome by a high number of respondents (12/34) (35%) which signifies a general consensus that although IMTA holds a great potential for
European aquaculture, its concept has not received adequate attention yet. Respondent 55 (Spain) mentioned that "the situation is the contrary and scientists have to demonstrate the interest and disseminate the information to governments and funding institutions".
Studies into the awareness and opinions of stakeholders are limited in Europe, where a recent study in six European countries indicated that more stakeholders were aware of IMTA than unaware, and that although stakeholders generally felt that IMTA could improve the image of the industry, many issues remain unexplored and unclarified (Alexander et al., 2016a) . However, discrepancies can be found across European countries and this is indicated by Perdikaris et al., (2016) who surveyed 57 farms in Greece, and found that 70% of the producers were unfamiliar with the concept of IMTA.
With an exception of a report from France, public acceptance to aquaculture was reported as a major challenge to overcome from four respondents of Northern Europe (Denmark, Ireland and UK), perhaps reflecting the increased environmental sensitivity of the public in Northern and Western European countries compared to other European regions (Vanhonacker et al., 2013) . Public acceptance issues raised among the respondents were related to the fact that the general public cannot differentiate monoculture from IMTA, and they usually associate IMTA with the negative perceptions surrounding carnivorous fin-fish production. For instance, although authorities in Denmark gave permission to increase fish mariculture production if the same amount of nutrients could be removed by harvesting mussels and seaweed, Respondent 16 mentions that "the concept of compensating for an increase in fish production by producing and harvesting N and P in the form of mussels and seaweed has been accepted as a legitimate form of compensation, but there are several grass root and local organisations that make it difficult to get permission in the local areas". Inevitably, perceptions can influence acceptance, investigation and implementation of aquaculture (Froehlich et al., 2017) . A recent study on public perceptions using 2,520 web-based survey questionnaires across five European countries has shown that the majority of the general public were unware of IMTA, and once the concept was explained to the M A N U S C R I P T 32 respondents, most were positive about the capacity of IMTA to improve overall sustainability (Alexander et al., 2016b) . Therefore, it is imperative that strategies are developed in order to engage the general public, stakeholders and producers in the sustainability potential of the IMTA technology.
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Conclusion
This study has assessed the current status of European marine-based IMTA and the major impediments to wider IMTA adoption by describing for the first time at such a large spatial coverage, the opinions of farmers and scientists with experience on IMTA. The findings of this study could help to focus future research and development of IMTA on tackling bottlenecks and exploring opportunities. It is wellrecognised that IMTA provides an opportunity for the European aquaculture to increase economic and ecological sustainability, food security and resilience, and social acceptance. However, IMTA production faces inherent difficulties which reasonably limit its wider adoption across Europe. A high number of respondents believe that IMTA has not received adequate support from the governments, industry and funding agencies. For the European industry to embrace IMTA, substantial development in several topics is required. Limitations were found to vary among different areas and thus site-specific targeted approaches are necessary. IMTA in S and S-E Europe appear to be less developed while still facing basic production impediments such as the lack of available seed of promising local species. On the other hand, Northern and Western European countries have been able to commercially exploit a few IMTA species but with a questionable profitability. Valorisation and differentiation of IMTA products through traceability and ecolabelling could ensure the feasibility of IMTA and compel farmers towards its adoption. In general however, respondents believe that uptake of European IMTA is currently impeded by numerous other obstacles and challenges including inter alia legislation bottlenecks, general lack of R&D knowledge, IMTA complexity, biological issues such as the biofouling and seasonal production, lack of interest by the industry and funding agencies, negative public perceptions, and lack of cost-effective infrastructures and designs that can allow the successful incorporation of deposit feeding organisms into IMTA configurations. Therefore, the collaboration of people and stakeholders with multi-disciplinary backgrounds (i.e. biologists, economists, engineers, farm managers, modellers, regulators, stakeholders
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